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Very Brief Outline

– New Physics in the Neutrino Sector!

– What is the New Physics in the Neutrino Sector?

– More New Physics in the Neutrino Sector?

Questions are Most Welcome at Any Time!
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Something Funny Happened on the Way to the 21st Century

ν Flavor Oscillations

Neutrino oscillation experiments have revealed that neutrinos change
flavor after propagating a finite distance. The rate of change depends on
the neutrino energy Eν and the baseline L. The evidence is overwhelming.

• νµ → ντ and ν̄µ → ν̄τ — atmospheric and accelerator experiments;

• νe → νµ,τ — solar experiments;

• ν̄e → ν̄other — reactor experiments;

• νµ → νother and ν̄µ → ν̄other— atmospheric and accelerator expts;

• νµ → νe — accelerator experiments.

The simplest and only satisfactory explanation of all this data is that
neutrinos have distinct masses, and mix.

July 12, 2017 ν BSM
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NEUTRINOS
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[albeit very tiny ones...]

So What?
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So What?

⇓
NEW PHYSICS
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André de Gouvêa Northwestern

Evidence for Physics Beyond the Standard Model

1. The expansion rate of the universe seems to accelerate, both early on
(inflation) and right now (dark energy).

2. Dark matter seems to exist.

3. Why is there so much baryonic matter in the universe?

4. Neutrino masses are not zero.

1. and 2. are consequences of astrophysical/cosmological observations. It
is fair to ask whether we are sure they have anything to do with particle
physics.

3. is also related to our understanding of the early history of the universe
and requires some more explaining.

4. is the most palpable evidence for new physics.
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What is the New Standard Model? [νSM]

The short answer is – WE DON’T KNOW. Not enough available info!

m

Equivalently, there are several completely different ways of addressing
neutrino masses. The key issue is to understand what else the νSM
candidates can do. [are they falsifiable?, are they “simple”?, do they
address other outstanding problems in physics?, etc]

We need more experimental input.
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André de Gouvêa Northwestern

Neutrino Masses, EWSB, and a New Mass Scale of Nature

The LHC has revealed that the minimum SM prescription for electroweak

symmetry breaking — the one Higgs double model — is at least approximately

correct. What does that have to do with neutrinos?

The tiny neutrino masses point to three different possibilities.

1. Neutrinos talk to the Higgs boson very, very weakly (Dirac neutrinos);

2. Neutrinos talk to a different Higgs boson – there is a new source of

electroweak symmetry breaking! (Majorana neutrinos);

3. Neutrino masses are small because there is another source of mass out

there — a new energy scale indirectly responsible for the tiny neutrino

masses, a la the seesaw mechanism (Majorana neutrinos).

Searches for 0νββ help tell (1) from (2) and (3), the LHC, charged-lepton flavor

violation, et al may provide more information.
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Fork on the Road: Are Neutrinos Majorana or Dirac Fermions?
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Search for the Violation of Lepton Number (or B − L)
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Plus Help from Oscillations (Mass Hierarchy)

Best Bet: search for

Neutrinoless Double-Beta

Decay: Z → (Z + 2)e−e− ×

←(next)

←(next-next)

Any other competitive probes? Model Dependent
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We Will Still Need More Help . . .
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Piecing the Neutrino Mass Puzzle

Understanding the origin of neutrino masses and exploring the new physics in the

lepton sector will require unique theoretical and experimental efforts, including . . .

• understanding the fate of lepton-number. Neutrinoless double beta decay!

• a comprehensive long baseline neutrino program, towards precision oscillation

physics.

• other probes of neutrino properties, including neutrino scattering.

• precision studies of charged-lepton properties (g − 2, edm), and searches for rare

processes (µ→ e-conversion the best bet at the moment).

• collider experiments. The LHC and beyond may end up revealing the new physics

behind small neutrino masses.

• cosmic surveys. Neutrino properties affect, in a significant way, the history of the

universe. Will we learn about neutrinos from cosmology, or about cosmology from

neutrinos?

• searches for baryon-number violating processes.
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HOWEVER. . .

We have only ever objectively “seen” neutrino masses in long-baseline
oscillation experiments. It is the clearest way forward!

Does this mean we will reveal the origin of neutrino masses with
oscillation experiments? We don’t know, and we won’t know until we try!
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Understanding Neutrino Oscillations: Are We There Yet? [NO!]
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• What is the νe component of ν3?
(θ13 6= 0!)

• Is CP-invariance violated in neutrino
oscillations? (δ 6= 0, π?) [‘yes’ hint]

• Is ν3 mostly νµ or ντ? [θ23 6= π/4 hint]

• What is the neutrino mass hierarchy?
(∆m2

13 > 0?) [NH weak hint]

⇒ All of the above can “only” be

addressed with new neutrino

oscillation experiments

Ultimate Goal: Not Measure Parameters but Test the Formalism (Over-Constrain Parameter Space)
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We need to do this in

the lepton sector!

What we ultimately want to achieve:

HOW?
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We need to do this in

the lepton sector!

What we ultimately want to achieve:

PRECISION NEUTRINO EXPERIMENTS
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What we have really measured (very roughly):

• Two mass-squared differences, at several percent level – many probes;

• |Ue2|2 – solar data;

• |Uµ2|2 + |Uτ2|2 – solar data;

• |Ue2|2|Ue1|2 – KamLAND;

• |Uµ3|2(1− |Uµ3|2) – atmospheric data, K2K, MINOS;

• |Ue3|2(1− |Ue3|2) – Double Chooz, Daya Bay, RENO;

• |Ue3|2|Uµ3|2 (upper bound → evidence) – MINOS, T2K.

We still have a ways to go!
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CP-invariance Violation in Neutrino Oscillations

The most promising approach to studying CP-violation in the leptonic
sector seems to be to compare P (νµ → νe) versus P (ν̄µ → ν̄e).

The amplitude for νµ → νe transitions can be written as

Aµe = U∗e2Uµ2

(
ei∆12 − 1

)
+ U∗e3Uµ3

(
ei∆13 − 1

)
where ∆1i = ∆m2

1iL
2E , i = 2, 3.

The amplitude for the CP-conjugate process can be written as

Āµe = Ue2U
∗
µ2

(
ei∆12 − 1

)
+ Ue3U

∗
µ3

(
ei∆13 − 1

)
.

[I assume the unitarity of U , Ue1U
∗
µ1 = −Ue2U∗µ2 − Ue3U∗µ3]
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In general, |A|2 6= |Ā|2 (CP-invariance violated) as long as:

• Nontrivial “Weak” Phases: arg(U∗eiUµi) → δ 6= 0, π;

• Nontrivial “Strong” Phases: ∆12, ∆13 → L 6= 0;

• Because of Unitarity, we need all |Uαi| 6= 0 → three generations.

All of these can be satisfied if we pick the right neutrino energy and
baseline.

In practice this is quite hard. One amplitude is much larger than the
other (|Ue3| turned out to be too large). . .

Bottom line: we need to measure the oscillation probabilities at the
percent level.
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Golden Opportunity to Understand Matter versus Antimatter?

The SM with massive Majorana neutrinos accommodates five irreducible
CP-invariance violating phases.

• One is the phase in the CKM phase. We have measured it, it is large,
and we don’t understand its value. At all.

• One is θQCD term (θGG̃). We don’t know its value but it is only
constrained to be very small. We don’t know why (there are some
good ideas, however).

• Three are in the neutrino sector. One can be measured via neutrino
oscillations. 50% increase on the amount of information.

We don’t know much about CP-invariance violation. Is it really fair to
presume that CP-invariance is generically violated in the neutrino sector
solely based on the fact that it is violated in the quark sector? Why?
Cautionary tale: “Mixing angles are small”

July 12, 2017 ν BSM
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What Could We Run Into?

• New neutrino states. In this case, the 3× 3 mixing matrix would not
be unitary.

• New short-range neutrino interactions. These lead to, for example,
new matter effects. If we don’t take these into account, there is no
reason for the three flavor paradigm to “close.”

• New, unexpected neutrino properties. Do they have nonzero magnetic
moments? Do they decay? The answer is ‘yes’ to both, but nature
might deviate dramatically from νSM expectations.

• Weird stuff. CPT-violation. Decoherence effects (aka “violations of
Quantum Mechanics.”)

• etc.
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[Very Quick Aside. . .

The Short Baseline Anomalies

Different data sets, sensitive to L/E values small enough that the known
oscillation frequencies do not have “time” to operate, point to unexpected
neutrino behavior. These include

• νµ → νe appearance — LSND, MiniBooNE;

• νe → νother disappearance — radioactive sources [?];

• ν̄e → ν̄other disappearance — reactor experiments [?].

None are entirely convincing, either individually or combined. However,
there may be something very very interesting going on here. . .
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André de Gouvêa Northwestern

What is Going on Here?

• Are these “anomalies” related?

• Is this neutrino oscillations, other new physics, or something else?

• Are these related to the origin of neutrino masses and lepton mixing?

• How do clear this up definitively?

Need new clever experiments, of the short-baseline type (and we are
working on it)!

Observable wish list:

• νµ disappearance (and antineutrino);

• νe disappearance (and antineutrino);

• νµ ↔ νe appearance;

• νµ,e → ντ appearance.
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If the oscillation interpretation of the short-baseline anomalies turns out
to be correct . . .

• We would have found new particle(s)!!!!!! [cannot overemphasize this!]

• Lots of Questions! What is it? Who ordered that? Is it related to the
origin of neutrino masses? Is it related to dark matter?

• Lots of Work to do! Discovery, beyond reasonable doubt, will be
followed by a panacea of new oscillation experiments. If, for example,
there were one extra neutrino state the 4× 4 mixing matrix would
require three more mixing angles and three more CP-odd phases.
Incredibly challenging. For example, two of the three CP-odd
parameters, to zeroth order, can only be “seen” in tau-appearance.

. . . End Aside]
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Do Neutrinos Decay?

Now that neutrinos have mass, the heavier neutrino mass eigenstates are
unstable and will eventually decay into the lightest mass eigenstates plus
X. In the new SM, X are photons and other light (anti)neutrinos.

νi → νjγ happens at the one-loop level, and expectations for τ are

absurdly long: τ > 1037 years, for mν ∼ 1 eV (GIM suppressed).

Other new SM induced decays are also rare beyond all reason:

τν→3ν > 1038 years

Constraints on the neutrino magnetic moment µ also severely constrain
neutrino lifetimes e.g.,

τ > 5× 1011

(
10−10µB

µν

)2

years mν ∼ 1 eV
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Observable neutrino decays are a sign for physics beyond the new SM.
The new physics effects are either of the “bread and butter” 1/Mnew-type,
or involve the presence of very light, yet to be observed degrees of freedom
(say, (quasi-)massless (pseudo)scalars, like “Majorons”).

Experimental bounds are very dependent on the decay mode (and the
kinematics of the decay) and vary from the billion of years scale (bounds
on UV light) to the hundreds of picoseconds scale (neutrinos from the
atmosphere).
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Best “model independent” bound come from a variety of sources. Lorentz
invariance dictates that

νi(t) = νi(0)e−diL/E

where di ≡ Γimi = mi/τi and have dimensions of mass-squared.

These are relevant when, just like the mass-squared differences in
oscillations, roughly

Γimi
L

E
≡ di

L

E
= 5.07

(
di

eV2

)(
L

km

)(
GeV
E

)
> 1.

[NOTE: neutrinos are always heavily boosted, so the bounds are always
less impressive than they appear. E.g., for neutrinos coming from the Sun

γτ > 500 s⇒ τ > 500 s
m

E
∼ 10−4 s

( m
eV

)(5 MeV
E

)
]
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Best bounds come from experiments with very long baselines. Including.

• Atmospherix neutrinos. Constraints mostly d3 < 10−5 eV2, for
d1,2 � d3.

• MINOS: d3 < 1.2× 10−4 eV2, for d1,2 � d3.

• SN1987A constraints one of the di to be tiny, di < 1.2× 10−21 eV2.

• There are also very strong bounds from ultra-high-energy neutrinos,
now detected with Ice-Cube (very large boosts, but also very long
distances).

• Big-Bang neutrinos. Bounds? May be circumventable with the right
model . . .
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. . . SN 1987A

We got some of these neutrinos. At least one of the three mass-eigenstates is very long lived.
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Neutrinos from the Sun: Abundant and Far

around 100 billion go through
your thumb every second!
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The SNO Experiment: conclusive evidence for flavor change
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Solar oscillations confirmed by Reactor experiment: KamLAND
[arXiv:1303.4667]
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oscillatory behavior!
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What Do We Know About the Massive Solar Neutrinos?

• They are an incoherent mixture of the three mass eigenstates,
ν1, ν2, ν3. This is because of matter effects in the center of the Sun,
combined with the fact that the mass-squared differences are “large.”

• The linear combinations depend on the solar neutrino energy. High
energy solar neutrinos (8B) are more than 90% ν2, while low energy
ones (pp, 7Be) are 70% ν1, 30% ν2. The ν3 fraction is always very
small (of order sin2 θ13 ∼ 0.02).

• This is great for determining the neutrino lifetime. For example, SNO
measures mostly ν2 and has been used to set a bound on the ν2

lifetime in a two-flavor scenario [Beacom and Bell, hep-ph/0204111].

• Borexino provides a real-time measurement of the 7Be neutrinos.
Combining everything (plus sin2 θ13 is very small), it is possible to
place more-or-less model-independent bounds on the lifetimes of the
three neutrino mass eigenstates [Berryman, AdG, Hernández, arXiv:1411.0308].
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[Berryman, AdG, Hernández, arXiv:1411.0308]
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Are There More Neutrinos?

If there are more neutrinos with a well-defined mass, it is easy to extend
the Paradigm:



νe

νµ

ντ

ν?

...


=



Ue1 Ue2 Ue3 Ue4 · · ·
Uµ1 Uµ2 Uµ3 Uµ4 · · ·
Uτ1 Uτ2 Uτ3 Uτ4 · · ·
U?1 U?2 U?3 U?4 · · ·

...
...

...
...

. . .





ν1

ν2

ν3

ν4

...


• New mass eigenstates easy: ν4 with mass m4, ν5 with mass m5, etc.

• What are these new “flavor” (or weak) eigenstates ν??
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New neutrinos don’t couple to the

Z-boson if they are light (∼ 45 GeV)

Hence STERILE neutrinos
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I’ll concentrate on “pure” sterile neutrinos (no other interactions with anyone).

Such states only interact with the SM via weak mixing with the active neutrinos

we know and love.

There are many theoretical complaints related to light sterile neutrinos:

• Who ordered that? What are sterile neutrinos good for?

• Why would they be light? Sterile neutrinos are “theoretically expected” to

be very heavy...

• If there are sterile neutrinos, can we say anything about their properties?

Say, is the sterile–active neutrino mixing angle calculable? Are there

preferred regions of the sterile neutrino parameter space?

• . . .

BOTTOM LINE: In spite of theoretical complaints, sterile neutrinos are a

viable logical possibility. They are experimentally constrained, but are certainly

allowed. They do not depend on whether neutrinos are Majorana or Dirac, do

not imply the existence of more charged leptons (or quarks), do not lead to

theoretical inconsistencies (anomalies), etc.
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Ue2 = s12c13c14,

Ue3 = e−iη1s13c14,

Ue4 = e−iη2s14,

Uµ2 = c24

`
c12c23 − eiη1s12s13s23

´
− ei(η2−η3)s12s14s24c13,

Uµ3 = s23c13c24 − ei(η2−η3−η1)s13s14s24,

Uµ4 = e−iη3s24c14,

Uτ2 = c34

`
−c12s23 − eiη1s12s13c23

´
− eiη2c13c24s12s14s34

−eiη3
`
c12c23 − eiη1s12s13s23

´
s24s34,

Uτ3 = c13c23c34 − ei(η2−η1)s13s14s34c24 − eiη3s23s24s34c13,

Uτ4 = s34c14c24.

When the new mixing angles φ14, φ24, and φ34 vanish, one encounters oscillations

among only three neutrinos, and we can map the remaining parameters {φ12, φ13, φ23,

η1} → {θ12, θ13, θ23, δCP }.

Also

ηs ≡ η2 − η3,

is the only new CP-odd parameter to which oscillations among νe and νµ are sensitive.
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André de Gouvêa Northwestern

[Berryman et al, arXiv:1507.03986]

July 12, 2017 ν BSM
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Non-Standard Neutrino Interactions (NSI)

(AdG and Kelly, arXiv:1511.05562)

Effective Lagrangian:

LNSI = −2
√

2GF (ν̄αγρνβ)
X

f=e,u,d

(εfLαβfLγ
ρfL + εfRαβfRγ

ρfR) + h.c.,

For oscillations,

Hij =
1

2Eν
diag

˘
0,∆m2

12,∆m
2
13

¯
+ Vij ,

where

Vij = U†iαVαβUβj ,

Vαβ = A

0BB@
1 + εee εeµ εeτ

ε∗eµ εµµ εµτ

ε∗eτ ε∗µτ εττ

1CCA ,

A =
√

2GFne. εαβ are linear combinations of the εfL,Rαβ . Important: Propagation

effects only. We don’t include NSI effects in production or detection.
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There are new sources of CP-invariance violation! [easier to see T-invariance violation]

[AdG and Kelly, arXiv:1511.05562]
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Do Neutrinos Couple to Photons?

Neutrinos have NO electric charge (hence their name). However, since they

interact with charge particles via the weak interactions, they are expected to

talk to photons “indirectly” (like, say, the neutron). That is guaranteed to

happen, unless protected by a symmetry → this is exactly what happens when

neutrinos are massless!

Now that neutrinos have mass, they are “allowed” to have a nonzero magnetic

moment µν .

The nature of µν will depend on whether the neutrino is its own antiparticle:

Lm.m. = µijν (νiσµννjF
µν) +H.c.,

µijν = −µjiν , i, j = 1, 2, 3 → Majorana Magnetic Moment

or

Lm.m. = µijν (ν̄iσµνNF
µν) +H.c.,

i, j = 1, 2, 3 → Dirac Magnetic Moment
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` `

`

γ γ

in new SM, whether neutrinos are Majorana or Dirac fermions, µ is really small:

µij ≤
∑
α UαiU

∗
αj

3eGF
8
√

2π2mν = 3× 10−20µB
(

mν
10−1 eV

)∑
α UαiU

∗
αj

(
µB = e

2me

)
[Dirac case]
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Generic new, electroweak-scale physics effects yield much larger neutrino
magnetic moments. E.g.,

µ ∼ eλ2

M2
new

mf f = e, µ, τ, . . .

Searches for neutrino magnetic moments constrain the new physics scale
(M) and coupling (λ) like searches for new physics in the charged-lepton
sector: µ→ eγ, (g − 2)µ, muon and electron electric dipole moments, etc.
After all, they all come from the same effective operator!

One can place bounds on (or find “evidence” for)

• SUSY,

• large extra dimensions (ν̄ee− →
∑

kk ν̄kke
−),

• . . . (the usual suspects).

July 12, 2017 ν BSM
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How To See the Neutrino and the Photon Interacting
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Bounds come from a variety of sources and constrain different linear
combinations of elements of µν .

• ν̄ee− → νβ (ν̄β) e−, ∀β (β = e, µ, τ) TEXONO, MUNU reactor expt’s.

dσ

dT
(ν̄ee→ νxe) =

2G2
µme

πE2
ν

"
(sin2 θW )2E2

ν +

„
1

2
+ sin2 θW

«2

(Eν − T )2+

− sin2 θW

„
1

2
+ sin2 θW

«
meT

–
+ µ2 πα2

Eνm2
e

„
Eν
T
− 1

«
,

where µ2 =
P
α |µeα|

2 is a particular combination of magnetic moments

(µαβ = UαiµijU
∗
βj). T is the recoil electron kinetic energy, Eν is the

incoming neutrino energy.
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• searches for electron antineutrinos from the Sun (νe →(m.m.) ν̄β →(osc) ν̄e).
Applies only in the case of Majorana neutrinos.

Uncertainties: ~B in the Sun (measure only µB)?, how well oscillation
parameters are known?

KamLAND: Φ�ν̄e < 2.8× 10−4Φ
8B
νe

• astrophysics red giants, SN1987A, . . .

⇒ µν < 1.5× 10−10µB (PDG accepted bound);

also O(10−[12÷11]) bounds from astrophysics and solar neutrinos.
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In Conclusion

The venerable Standard Model sprung a leak in the end of the last
century (and we are still trying to patch it): neutrinos are not massless!

1. We still know very little about the new physics uncovered by neutrino

oscillations.

2. neutrino masses are very small – we don’t know why, but we think it

means something important.

3. neutrino mixing is “weird” – we don’t know why, but we think it means

something important. [I did not talk about this at all]

July 12, 2017 ν BSM
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4. We need more experimental input These will come from a rich, diverse

experimental program which relies heavily on the existence of underground

facilities capable of hosting large detectors (double-beta decay, precision

neutrino oscillations, supernova neutrinos, proton decay, etc).

5. Precision measurements of neutrino oscillations are sensitive to several new

phenomena, including new neutrino properties, the existence of new states,

or the existence of new interactions. There is a lot of work to be done when

it comes to understanding which new phenomena can be probed in

long-baseline oscillation experiments (and how well) and what are the other

questions one can ask – related and unrelated to neutrinos – of these unique

particle physics experiments.

6. There is plenty of room for surprises, as neutrinos are potentially very

deep probes of all sorts of physical phenomena. Remember that neutrino

oscillations are “quantum interference devices” – potentially very sensitive

to whatever else may be out there (e.g., Λ ' 1014 GeV).
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Backup Slides . . .
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Not all is well(?): The Short Baseline Anomalies

Different data sets, sensitive to L/E values small enough that the known
oscillation frequencies do not have “time” to operate, point to unexpected
neutrino behavior. These include

• νµ → νe appearance — LSND, MiniBooNE;

• νe → νother disappearance — radioactive sources;

• ν̄e → ν̄other disappearance — reactor experiments.

None are entirely convincing, either individually or combined. However,
there may be something very very interesting going on here. . .
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• LSND

• MB ν

• MB, ν̄

[Courtesy of G. Mills]
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[Statistical Errors Only]

[Courtesy of G. Mills]
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What is Going on Here?

• Are these “anomalies” related?

• Is this neutrino oscillations, other new physics, or something else?

• Are these related to the origin of neutrino masses and lepton mixing?

• How do clear this up definitively?

Need new clever experiments, of the short-baseline type!

Observable wish list:

• νµ disappearance (and antineutrino);

• νe disappearance (and antineutrino);

• νµ ↔ νe appearance;

• νµ,e → ντ appearance.
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André de Gouvêa Northwestern

Big Bang Neutrinos are Warm Dark Matter
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NuFIT 2.0 (2014)

But it is a start. . .

Where We Are (?) [This is Not a Proper Comparison Yet!]

[Gonzalez-Garcia, Maltoni, Schwetz, 1409.5439, http://www.nu-fit.org]
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Solar Neutrinos

We are not done yet!

• see “vaccum-matter”
transition

• probe for new physics:
NSI, pseudo-Dirac, . . .

• probe of the solar interior!
“solar abundance problem”

(see e.g. 1104.1639)

‘CNO neutrinos may provide

information on planet formation!’

[Friedland, Shoemaker 1207.6642]
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Constraining the Decay of Neutrinos – Solar Edition

(NOTE: d3 = any)

[Berryman, AdG, Hernández, arXiv:1411.0308]

Model-independently,

we know little about

the neutrino lifetime.

νSM: τ > 1037 years.

Here, di = mi/τi

τi = 7
“
mi

1 eV
10−13

di

”
ms
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[Berryman et al, arXiv:1603.00018]

Another Model: Can Neutrino Oscillation Experiments Discover A Fifth Dimension?
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[Berryman et al, arXiv:1603.00018]

Another Model: Can Neutrino Oscillation Experiments Discover A Fifth Dimension?
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[Berryman et al, arXiv:1603.00018]

Another Model: Can Neutrino Oscillation Experiments Discover A Fifth Dimension?
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